Conventional Mach-Zehnder interferometer configuration is modified to enhance its stability from the vibrations. To study the effects of vibrations on the Mach-Zehnder interferometer, we used spectral interference fringes from a broadband nanosecond dye laser source. We observed an improvement in the stability of the interferometer by a factor of 3.
Introduction
Vibrations of the interferometer parts relative to each other lead to different effects, depending on the frequency spectrum of the disturbance, their amplitude, the method of determining the path difference, and the measurement time. Low-frequency vibration, i.e., the vibration period longer or comparable with the measurement time as in the case of pulsed laser interferometry, 1 can be considered drifts, and averaging independent measurements can reduce their influence. High-frequency vibrations can lead to visibility losses of the interference pattern if the integration time of the detector is greater than the period of the vibrations. Though vibrations do not cause a major problem in interferometers with shortpulse lasers, the problem, however, is quite severe with cw systems. Sagnac interferometers 2 ͑SIs͒ eliminates the problem of vibrations and other disturbances as the two beams can be made to undergo the same optical path with an even number of reflections. The advantage of the SI is that any disturbance acts on both the counterpropagating beams simultaneously to cancel out the effect, making the interference pattern relatively insensitive to perturbations. For many applications it is desirable to have an optical arrangement in which the two interfering beams travel along separate paths before they are recombined. The Mach-Zehnder interferometer ͑MZI͒ and the Michelson interferometer ͑MI͒ are much more versatile in the sense that they have wellseparated beam paths. These interferometers suffer a major drawback from the changes in the arm lengths due to external influences such as temperature changes and vibrations. However, two different optical paths are a must in many applications for which one has to observe relative changes in the optical paths of the two arms. Electronic devices have been employed for stabilizing the interferometers. 3, 4 The electronic devices compensate for the changes in the optical path caused by slow displacements in the optical elements. The conventional Fourier transform interferometers, used for displacement or thickness gauge measurements with a monochromatic or a white-light source, require kinematic stabilization of the interferometer geometry to a fraction of a wavelength.
Here we have modified the MZI to reduce such effects by integrating the MZI and the SI. To study the effect of vibrations on such a modified MZI, we have used spectral interference fringes 5 from a broadband nanosecond dye laser. Since we observe an improvement in interferometer stability even with a nanosecond source, we expect that this modified MZI should work even better for cw sources.
Experimental Setup
The light source consists of a Nd:YAG pumped-dye laser with Rhodamine 6G as the lasing medium. The oscillator cavity is designed with 100% and 8% reflecting mirrors to obtain a broadband lasing over the entire emission spectrum of the dye. The output from the MZI is given to a 50-cm grating spectrometer, and the spectra are recorded on a personal computer through an analog-to-digital converter ͑ADC͒ card. Complete details of the experimental setup are given in our previous publication. 5 
Results and Discussion
An incoherent source, such as a broadband dye laser, gives no spatial interference pattern when the path difference between the two arms is larger than the coherence length. However, one would see the interference pattern in the complementary frequency domain. 6, 7 The spectral output from a MZI is given by
S 0 ͑͒ is the spectrum of the broadband source, and S͑͒ is the spectrum after the two beams recombine at the beam splitter. The appearance of spectral fringe pattern depends on the path difference ⌬ between the interfering beams. The effect of the vibrations and other perturbations are studied by one's looking at the spectral fringes and the modulation depth from the MZI. From our study we find that the effect of vibrations is to broaden the fringes and to reduce the modulation depth.
To calculate the amplitude of vibrations from the measurement of modulation depth of the spectral fringes, the experiment is carried out for three different arm lengths of the standard MZI ͑inset of Fig. 1͒ with equal arm lengths L ϭ L 1 Ϸ L 2 equal to 10, 30, and 50 cm. L 1 and L 2 ͑ϭL 1 Ϯ ⌬͒ are the total paths light travels in arm1 and arm2, respectively, before interfering at the beam splitter. From the recordings shown in the Fig. 1 , it is clear that the modulation depth decreases with increasing arm length. The fringe contrast or the visibility ͑V͒ is calculated at a particular wavelength with the Michelsons' definition
The values, calculated near the peak wavelength of the recordings for the three arm lengths, are V equal to 0.86, 0.75, and 0.58 for L equal to 10, 30, and 50 cm, respectively. As the effects of the table vibrations are more predominant for longer arm lengths, it is confirmed that the surface vibrations modulate the arm lengths randomly, leading to variations in the path difference ⌬ and hence a reduction in the modulation depth for longer arms lengths. A further improvement is possible by arranging the interferometer on a vibration isolation table. If the original path difference between the two arms is ⌬ ͑ϭL 1 Ϫ L 2 ͒, then for a simple case when the mirror M2 suffers a translational shift ͑␦x, ␦y͒, the new optical path difference 1 for the MZI shown in the inset of Fig. 1 is
where ␦ is the path difference due to the vibrations. For a purely translational shift, ␦x ϭ ␦y. Introducing these random variations in the path difference due to vibrations, one can modify Eq. ͑1͒ as
As the disturbances are expected to be of random amplitude, ␦ is being replaced by ␦ m cos , with taking the random values between 0 and ⌸. ␦ m is 
The dashed-dotted curve is for 10 cm; the dotted curve is for 20 cm; and the solid curve is for 30 cm. SM, spectrometer; M1 and M2, mirrors; and BS, beam splitter. the maximum amplitude through which the mirror M2 gets displaced.
Using random values for , that is, random amplitudes for the vibration ␦ , the experimental results are fitted to obtain ␦ m . Figure 2 gives the experimental data ͑circles͒ and theoretical fit ͑continuous line͒ with Eq. ͑5͒ used for a value of ␦ m ϭ 0.9 ϫ 10 Ϫ5 mm for L ϭ 30 cm. The maximum amplitude ␦ m is estimated as 7 ϫ 10 Ϫ5 mm for L ϭ 10 cm, 0.9 ϫ 10 Ϫ4 mm for L ϭ 30 cm, and 1.5 ϫ 10 Ϫ4 mm for L ϭ 50 cm. ⌬ is estimated as 0.123 mm. Attempts have been made to simulate displacements of the mirror M2 by mounting it on a speaker diaphragm. A reduction in the modulation depth as given by the theoretical curve in Fig. 2 has been obtained. However, quantitative estimation of ␦ m was not made, as the speaker diaphragm displacement could not be calibrated with respect to the sinusoidal signals given to it.
To reduce the effect of vibrations on the interferometer, the MZI is modified to have a configuration similar to that of the SI as shown in Fig. 3 . Here the beams are made to travel as in a SI but are shifted either in the horizontal plane or in the vertical plane so that they take different optical paths close to each other. This would essentially lead to the effect of any disturbance almost equal on both the interfering beams and thereby increasing its stability compared with the conventional setup. The path difference ⌬ between the interfering beams to get spectral modulations of different fringe spacing is achieved by inserting glass microslides into one of the shifted beams. As earlier, when the mirror M2 suffers a translational shift ͑␦x, ␦y͒ the new optical path difference for the modified MZI ͓Figs. 3͑a͒ and 3͑b͔͒ can be expressed as
Comparing this with Eq. ͑3͒, it can be seen that in the conventional MZI the overall effect is a variation in ⌬ by ␦y, whereas in the modified MZI, the effect is a subtraction of disturbances in the x and the y axes as the beams nearly traverse the same optical path. Thus the overall effect of vibrations on the interference fringes is reduced in the modified MZI making it less sensitive to vibrations than the conventional MZI. The spectral modulations recorded for a modified rectangular MZI shown in Fig. 3͑a͒ of total path length L ϭ 30 cm and a horizontal separation between the interfering beams of 's' ϭ 7.5 mm, gives a visibility ϭ 0.816 ͑␦ m ϭ 9.5 ϫ 10 Ϫ5 mm͒. Decreasing the separation between the beams to 2.5 mm increases the value of visibility to 0.865 ͑␦ m ϭ 8 ϫ 10 Ϫ5 mm͒. This increase is because, for smaller hor- izontal separations between the interfering beams, the performance of the modified MZI approaches that of the dynamically stable and autocompensating SI. Modifying to a square MZI improves the visibility to 0.912 ͑␦ ϭ 6.4 ϫ 10 Ϫ5 mm͒. The effect of vibrations on equal arm lengths is thus found to be less than that for unequal arm lengths of the interferometer. Optical paths in the square MZI are then vertically shifted as shown in the Fig. 3͑b͒ . The vertical displacement is achieved by slightly tilting the mirrors M2 and M3. The two beams cross each other on the mirror M1 and recombine at the same point on the beam splitter. We observe a definite increase in the visibility value of the spectral modulations to 0.952 ͑␦ m ϭ 5.4 ϫ 10 Ϫ5 mm͒. This reduction in the effect of vibrations on the interferometer may be because the vibrations and the air disturbances are in the horizontal plane and have minimal effects in the vertical axis. All these modified MZI configurations have a total path length of 30 cm, and reducing it increases the fringe contrast further ͑V ϭ 0.993͒ and ␦ m ϭ 4.6 ϫ 10 Ϫ5 mm for L ϭ 10 cm͒. The plot of the visibility of the spectral fringes for all the different interferometer configurations discussed so far are presented in Fig. 4 . An analysis of the results makes it clear that by proper selection of the interferometer configuration, perfect vibration isolation can be achieved. In all the spectral recordings used to get the visibility, the number of fringes within the bandwidth of the recordings is the same, making sure that the effect of the amplitude of vibrations estimated is the same for all interferometer configurations. Although theoretically one can achieve a modulation depth all the way to the baseline, imperfections in the beam splitters and the mirrors lead to an imaginary factor in the complex degree of spectral coherence and thereby reduces the modulation depth ͑a detailed evaluation of the complex degree of spectral coherence is described in Ref. 8͒ . We therefore feel that the modified MZI serves the dual purpose of having different optical paths as in a MI or a MZI and at the same time has the stability of SI.
Conclusions
In conclusion, we have modified the standard MZI configuration to reduce the effects of external perturbations such as vibration and air turbulence. By arranging the MZI to be similar to a SI, an increase in the visibility for the interference fringes is achieved that is due to the reduction in the effect of vibrations on the interferometer. D. Rao acknowledges the Department of Science and Technology ͑India͒ for financial support.
